Hemoglobin degradation is a metabolic process that is central to the growth and maturation of the malaria parasite Plasmodium falciparum. Two aspartic proteases that initiate degradation, plasmepsins (PMs) I and II, have been identified and extensively characterized. Eight additional PM genes are present in the P. falciparum genome. To better understand the enzymology of hemoglobin degradation, it is necessary to determine which of these genes are expressed when hemoglobin degradation is occurring, which encode active enzymes, and which gene products are found in the food vacuole where catabolism takes place. Our genome-wide analysis reveals that PM I, II, and IV and histoaspartic protease encode hemoglobin-degrading food vacuole proteases. Despite having a histidine in place of one of the catalytic aspartic acids conserved in other aspartic proteases, histo-aspartic protease is an active hydrolase.
Hemoglobin degradation is a metabolic process that is central to the growth and maturation of the malaria parasite Plasmodium falciparum. Two aspartic proteases that initiate degradation, plasmepsins (PMs) I and II, have been identified and extensively characterized. Eight additional PM genes are present in the P. falciparum genome. To better understand the enzymology of hemoglobin degradation, it is necessary to determine which of these genes are expressed when hemoglobin degradation is occurring, which encode active enzymes, and which gene products are found in the food vacuole where catabolism takes place. Our genome-wide analysis reveals that PM I, II, and IV and histoaspartic protease encode hemoglobin-degrading food vacuole proteases. Despite having a histidine in place of one of the catalytic aspartic acids conserved in other aspartic proteases, histo-aspartic protease is an active hydrolase. E ach year malaria afflicts an estimated 500 million people and kills nearly 2 million, mostly children (1) . Plasmodium falciparum, the parasite that causes the deadliest form of malaria, is becoming increasingly resistant to drugs, making it essential to identify new antimalarial agents. Proteases are attractive candidates for drug development because they play vital roles in parasite metabolism (2) .
Intraerythrocytic stages of Plasmodium rely on red blood cell hemoglobin as a nutrient source, consuming vast amounts of it within a short time. In P. falciparum, several proteases have been implicated in the process of hemoglobin degradation. Hemoglobin is endocytosed from the erythrocyte cytosol and trafficked to an acidic food vacuole (FV), where it is degraded by four parasite proteases proposed to act in a semiordered fashion (3, 4) . Two homologous aspartic proteases, called plasmepsins I and II (PM I and II) initiate the degradative process by cleaving the native hemoglobin molecule in a highly conserved hinge region (5, 6) . A cysteine protease, falcipain-2, and a metalloprotease, falcilysin, act further downstream in the pathway to degrade hemoglobin to small peptides (7) (8) (9) (10) . Inhibitors of these proteases kill parasites in culture and animal models, suggesting that hemoglobin-degrading proteases are valid targets for chemotherapy (11) (12) (13) (14) (15) (16) (17) .
Two proteins, known as histo-aspartic protease (HAP) and PM IV, are homologous to the previously characterized PM I and II (18) . HAP is Ϸ60% identical to PM I and II, but has several substitutions, including replacement of a catalytic aspartate with a histidine and changes in a conserved flap region that lies over the binding cleft (19) . It has been unclear if HAP is an inactive homolog of the hemoglobin-degrading PMs, or if it is an active protease with a novel catalytic mechanism.
As the P. falciparum genome sequencing effort nears completion, it has become apparent that the parasite contains at least 10 aspartic protease genes, PM I, II, and IV-X and HAP (20) . To determine which of these genes are important for hemoglobin degradation, we have investigated PM expression, localization in parasites, and enzymatic activities. Our data indicate that HAP and PM IV are additional proteases involved in the metabolism of hemoglobin. Furthermore, HAP displays a unique active-site and inhibitor sensitivity.
Materials and Methods
Reagents. All reagents were obtained from Sigma, unless otherwise specified.
Culture of Parasites. P. falciparum clone HB3 (a gift of W. Trager, Rockefeller Univ., New York) was grown as described by Trager and Jensen, with Albumax instead of serum (21) .
Antibody Production and Specificity. Monoclonal antibodies to PM I (1C6 -24) and HAP (3E10 -19, 3G2-5, 3F10 -18) were generated as described (22) . Recombinant PM I and HAP were used as immunogens. Both were prepared by using the protocol for PM I (23) . Large amounts of antibody were purified from mouse ascites by using Protein G Sepharose (Amersham Pharmacia). Monoclonal antibodies to PM IV (13.9.2) and PM V (23.1.2) were generated by the St. Louis University Hybridoma Development Service. Again, recombinant proteins were used as immunogens. Polyclonal antibodies to PM IV (1323), IX (1455), and X (1463) were made by Cocalico Biologicals (Reamstown, PA), with use of MAP peptides SENDSIELD-DVANLMFYGEGQI (amino acids 1-22 of mature PM IV), KREKASDNKS (amino acids 109 -118 of putative mature PM IX), and RRSFIEKNLH (amino acids 67-76 of putative mature PM X). Polyclonal antibody to PM II (737) was generated as described (24) . PM I, II, and IV and HAP antibodies were analyzed for their ability to recognize recombinant proteins on immunoblots or in vitro translated proteins in immunoprecipitation assays. This study uses only those antibodies determined to be specific for the protein they were raised against (data not shown).
Immunofluorescence Microscopy. Infected RBCs were smeared onto coverslips and fixed in acetone for 10 min at room temperature or in 1% formaldehyde͞PBS for 30 min at room temperature. Samples were immunolabeled with mouse anti-PM I (1C6-24, 1:20), rabbit anti-PM II (737, 1:1,000), mouse anti-HAP (3G2-5, 1:20), mouse anti-PM IV (13.9, undiluted hybridoma supernatant), mouse anti-PM V (23.1.2, undiluted supernatant), affinity-purified rabbit anti-PM IX (1455, 1:10), and affinity-purified rabbit anti-PM X (1463, 1:50) followed by Texas red-or Alexa-conjugated goat anti-rabbit or goat anti-mouse IgG. Coverslips were mounted in Vectashield (Vector Laboratories) and viewed by using a Zeiss axioskope microscope. Localization of PM I, II, and IV and HAP was optimal after Abbreviations: PM, plasmepsin; FV, food vacuole; HAP, histo-aspartic protease.
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acetone fixation, whereas localization of PM V, IX, and X was unsuccessful in acetone-treated samples and was therefore performed by using formaldehyde fixation.
Immunoelectron Microscopy. Infected RBCs were fixed in 4% paraformaldehyde͞0.5% glutaraldehyde in 100 mM Pipes͞0.5 mM MgCl 2 , pH 7 for 1 h at 4°C. Samples were then embedded in 10% gelatin and infiltrated with 2.3 M sucrose͞20% polyvinyl pyrrolidone in Pipes͞MgCl 2 at 4°C. Samples were trimmed, frozen in liquid nitrogen, and sectioned with a RMC MT7͞CR21 cryo-ultramicrotome. Sections (70-90 nm) were immunolabeled with affinity-purified rabbit anti-PM I (574, 1:100), affinitypurified rabbit anti-PM II (737, 1:20), mouse anti-HAP (3E10-19, 1:10), or mouse anti-PM IV (13.9.2, 1:2) followed by 18-nm colloidal gold-conjugated goat anti-mouse or goat anti-rabbit IgG. Sections were stained with 0.3% uranyl acetate͞2% polyvinyl alcohol and allowed to air dry. Controls omitting the primary antibody were consistently negative at the concentration of gold-conjugated secondary antibodies used in these studies.
Immunoblotting. Parasite lysates were fractionated by SDS͞ PAGE (25) , and transferred to Protran nitrocellulose (Schleicher and Schuell). Blots were incubated with primary antibody followed by horseradish peroxidase-conjugated secondary antibody (Amersham Pharmacia) and developed by using enhanced chemiluminescence Western blotting detection reagents (Amersham Pharmacia). Primary antibodies used were: mouse anti-PM I (1C6 -24, 1:10,000), rabbit anti-PM II (737, 1:5,000), mouse anti-HAP (3F10 -18, 1:5,000), and rabbit anti-PM IV (1323, 1:1,000).
For stage-specific expression experiments, a synchronized culture of early-ring-stage parasites was divided equally into five plates. One plate was harvested at each of the following stages: rings, young trophozoites, middle-stage trophozoites, mature trophozoites, and schizonts. Cultures were more than 95% homogeneous.
Expression, Refolding, and Purification of Recombinant PM IV. The full-length gene for PM IV was amplified from P. falciparum HB3 genomic DNA by PCR. Primers used were PM4-NcoI (5Ј-GATCCCATGGCTCTTACCGTTAAAGAAGAAGAA-3Ј) and PM4CtermStop (5Ј-CCGCTCGAGTTATAAATTTT-TAGCTACTGCAAAACCAACACT-3Ј). The product was cloned into pET15b (Novagen), sequenced, and transformed into Escherichia coli BL21 (DE3) Codon Plus cells (Stratagene). Expression clones were grown at 37°C in LB broth containing 0.1 mg͞ml ampicillin and 34 g͞ml chloramphenicol. At OD 600 of 0.6, isopropyl ␤-D-thiogalactoside was added to a final concentration of 0.4 mM, and cultures were grown for 3 h at 37°C. PM IV was solubilized from inclusion bodies, refolded, and purified as described for PM I and II (23).
Activity Assays. Globin and hemoglobin degradation. Three micrograms of human globin or hemoglobin (Sigma) was incubated with enzyme in 100 mM citrate-phosphate buffer, pH 5.0 (PM II), pH 5.4 (PM IV), or pH 5.7 (HAP) (40 l total volume). Reactions were stopped by mixing with electrophoresis sample buffer and boiling for 5 min. Products were separated by SDS͞PAGE and detected by silver staining (26) . (27) . Labeled globin (0.5 l; Ϸ17,000 cpm) was mixed with enzyme and 100 mM citratephosphate buffer, pH 5.7 (HAP) or 5.4 (PM IV), in a total volume of 40 l and incubated at 37°C. To stop the reaction, 100 l of 2 mg͞ml unlabeled BSA and then 150 l 8% trichloroacetic acid were added. Samples were mixed, incubated on ice for 30 min, and centrifuged at 13,000 ϫ g for 30 min. The supernatant was assayed for radioactivity in a scintillation counter.
Fluorogenic substrate. Samples were incubated with 2.5 M quenched fluorescence substrate ␣33-34 corresponding to residues 30-37 of the ␣ chain of human hemoglobin in 100 mM citrate-phosphate buffer, pH 5.4 (PM IV) or pH 5.7 (HAP), at 37°C. This assay has been described (23) . The concentrations of active HAP and PM IV were determined by titration with the inhibitor pepstatin A. K m and k cat were calculated by using SIGMAPLOT. K i was determined by fitting data to the Morrison equation (28) . K i values for recombinant PM I and II were measured for comparison. Recombinant proteins were expressed and purified as described (23, 29) . To determine the pH sensitivities of the enzymes, assays were performed in 100 mM citrate-phosphate buffer from pH 3 to 6.6 or in 100 mM [bis(2-hydroxyethyl)amino]tris(hydroxymethyl)methane buffer at pH 7.0.
Purification of Native HAP. Immunoaffinity purification. Two different immunoaffinity columns were used. One milligram of anti-HAP mAb (3E10-19 or 3G2-5) was coupled to 500 l of Protein A Sepharose (Amersham Pharmacia) as described (30) . Food vacuoles were isolated as described (5) except that the low-speed pellet after sorbitol lysis was harvested twice with 1.5 mM MgCl 2 ͞PBS, and the final Percoll gradient centrifugation step was omitted. Two milliliters of packed food vacuoles was resuspended in 6 ml of lysis buffer (PBS͞1% Triton X-100͞10 M E64). The cells were lysed by means of 10 strokes in a Dounce homogenizer, incubated on ice for 1 h, and then centrifuged at 25,000 ϫ g for 1 h to pellet insoluble material. The supernatant was passed three times over the antibody column. The column was washed with 20 column volumes of 1 M NaCl͞PBS and two column volumes of preelution buffer (10 mM phosphate, pH 8.0) and eluted with six column volumes of elution buffer (100 mM triethylamine, pH 11.5). Eluant fractions were neutralized with 1͞10 volume of 1 M sodium phosphate, pH 5.5. All chromatography was performed at 4°C.
HPLC chromatography. Lysates from crude FVs were prepared as above and fractionated on a 4-ml DEAE-Sepharose (Fast Flow) column (Amersham Pharmacia) equilibrated in 20 mM [bis(2-hydroxyethyl)amino]tris(hydroxymethyl)methane, pH 7, and eluted with a stepwise gradient of 0-1 M NaCl. Active fractions were pooled, diluted with 50 mM Mes (pH 6.7), and loaded onto a Mono S PC 1.6͞5 HPLC column (Amersham Pharmacia). Bound proteins were eluted with a linear gradient of 0-2 M NaCl in 50 mM Mes (pH 6.7) at 0.1 ml͞min for 50 min.
Samples containing HAP were identified by Western blotting and injected onto a Superdex-200 HPLC column (Amersham Pharmacia) run isocratically at 0.5 ml͞min in PBS. Fractions of 250 l were collected and assayed for activity.
Trichloroacetic acid precipitation of elution fractions. Fractions of 400 l containing activity were combined with 200 l of protease-free BSA solution (final concentration, 0.5 mg͞ml) and 400 l of 8% trichloroacetic acid (final concentration, 3.2%). Samples were mixed, incubated on ice for 30 min, and centrifuged at 13,000 ϫ g for 30 min. The pellets were washed once in acetone, resuspended in nonreducing sample buffer, and boiled before loading onto 10% gels. Gels were stained with silver (26) revealing a single band migrating at 37 kDa, or the proteins were transferred to nitrocellulose for immunodetection.
Results
Expression Analysis of 10 PMs. To determine which PMs are expressed in asexual stage parasites, reverse transcription-PCR with gene-specific primers was performed on total RNA from asynchronous intraerythrocytic parasites. PCR products of the expected size could be detected for seven of the 10 PM genes (data not shown). PM VI, VII, and VIII could not be detected with two different primer pairs for each gene, with random or poly(T)-primed cDNA. All PCR primer pairs were used suc-cessfully to amplify appropriate sequences from genomic DNA (data not shown).
Specific antibodies recognizing HAP and PM I, II, IV, V, IX, and X were used to localize the proteins in trophozoite stage parasites by immunofluorescence microscopy (Fig. 1A) . PM II, PM IV, and HAP colocalized with hemozoin in the FV, similar to results reported for PM I (11). In contrast, PM V, IX, and X had more diffuse patterns and were excluded from the FV. Immunoelectron microscopy confirmed that PM I, II, and IV and HAP are in the FV (Fig. 1B) . Gold labeling was found exclusively within the FV.
PMs I, II, and IV and HAP Are FV Proteases with High Sequence
Similarity. We concentrated our further analysis on the PMs found in the FV. Salient features are conserved in PM I, II, and IV and HAP ( Fig. 2A) . Each is predicted to be a 51-kDa proenzyme with a hydrophobic transmembrane domain within its prosegment. All four proteins apparently are processed at a conserved site, yielding 37-kDa mature forms (unpublished work). HAP, as reported, contains substitutions of key residues in the active site and in the flap that lies over the substratebinding cleft (19) . PM I, II, and IV and HAP lie in a cluster on chromosome 14. The genes span a region of 20 kb, with Ϸ4 kb separating one ORF from the next. The predicted coding sequences are 50-70% identical with each other at the amino acid level (19) . High levels of sequence identity in both pro and mature regions suggest that PM I, II, and IV and HAP have arisen through relatively recent gene duplication events. PM V-X, in contrast, are not clustered and share much lower sequence similarity with PM I, II, and IV and HAP (20) .
The stage-specific expression of PM I, II, and IV and HAP was determined by immunoblotting (Fig. 2B) . When equal numbers of ring, trophozoite, and schizont stage parasites were analyzed, all four proteins were detectable in trophozoites and persisted to schizogony. In ring-stage parasites, PM I and II were detectable, but HAP and PM IV were not. Native HAP Isolation and Characterization. Our lab and others (19) have found that recombinant HAP expressed in E. coli is not active, possibly because of improper refolding from inclusion bodies and͞or inability to autoactivate. To determine whether HAP is an active protease, we purified the native enzyme from parasite food vacuoles by using three different methods: HPLC chromatography and immunoaffinity chromatography with two different specific anti-HAP mAbs. All three purification methods yielded identical activities that migrated as a single band of 37 kDa by SDS͞PAGE (data not shown). By Western analysis, the purified protein was recognized only by anti-HAP antibodies and not by antibodies to other PMs (Fig. 3A) . On gel filtration chromatography, HAP activity migrated at a molecular weight of about 35,000, suggesting that the enzyme is active as a monomer (Fig. 3B) .
HAP activity was completely inhibited by the aspartic protease inhibitor pepstatin A (1 M), and by a serine protease inhibitor, PMSF (1 mM). Other inhibitors of serine (3,4-dichloroisocoumarin, leupeptin, 7-amino-1-chloro-3-tosylamido-3-heptanone, L-1-tosylamido-2-phenylethyl chloromethyl ketone, 10-100 M) cysteine (E64, leupeptin, 10 M), or metalloproteases (EDTA, 5 mM) had no effect on HAP activity. The pH optimum of HAP was near 6, almost an entire pH unit higher than the optima of PM I and II. Activity decreased beyond pH 6 (Fig. 4A) .
HAP cleaved a fluorogenic peptide, ␣33-34 ( Fig. 4A ), 14 Clabeled globin (Fig. 3B) , and unlabeled acid-denatured globin (Fig. 4B) . HAP did not efficiently cleave native human hemoglobin (Fig. 4B) . However, a combination of HAP and PM II cleaved native hemoglobin faster than either enzyme alone (Fig. 4C) .
The amount of active HAP was titrated with pepstatin A, and kinetic parameters for cleavage of ␣33-34 were determined (Table 1) . HAP has a K m of 0.29 M, revealing a slightly higher affinity for the peptide substrate than demonstrated by PM I and II (23 and suggesting that HAP is about 20-fold less efficient than PM I or II at cleaving this substrate (23) . HAP binds pepstatin A with high affinity (K i ϭ 81 pM), like the other PMs.
Recombinant PM IV Characterization. Unlike recombinant HAP, recombinant PM IV was active. The recombinant protein was expressed as the proform and autoactivated at acidic pH. N-terminal sequence of the activated recombinant protein was determined to be FKSGYA, a site that is 12 aa upstream of the predicted mature N terminus in vivo. Recombinant PM II also autoprocesses itself 12 residues upstream of the known in vivo mature N terminus. Like a typical aspartic protease, PM IV was inhibited by pepstatin A (100% inhibition at 1 M) but not by inhibitors of other enzyme classes, including 1 mM PMSF. Its pH optimum is 5.4 (Fig. 4A) , slightly higher than the optima of PM I and II (29, 31) but lower than that of HAP.
Kinetic properties for PM IV cleavage of peptide substrate ␣33-34 were determined. PM IV showed relatively high affinity for this substrate (K m ϭ 0.33 M) and a catalytic efficiency greater than HAP, but similar to native PM I and II (Table 1) . Equal amounts of recombinant PM II and IV were used to cleave acid-denatured globin and native hemoglobin (Fig. 4B) . PM IV prefers globin over hemoglobin and is less active than PM II against these protein substrates. Overnight incubation was required for PM IV to cleave the same amount of hemoglobin cleaved by PM II in 2 h. A combination of PM IV and PM II cleaved hemoglobin faster than either enzyme alone (Fig. 4C) .
Discussion
Of the 10 PMs in the P. falciparum genome, three (PM VI, VII, and VIII) are not expressed in intraerythrocytic parasites and may function in insect or exoerythrocytic stages. Three others (PM V, IX, and X) are expressed in intraerythrocytic stages but do not seem to function in the FV. Only PM I, II, and IV and HAP localize to the FV and participate in hemoglobin degradation. PM I and II have been characterized extensively (11, 23, 24, 31, 32) . PM IV is inhibited by pepstatin A, like most aspartic proteases, and has a pH optimum and kinetic constants similar to those of PM I and II. In contrast, HAP has a unique inhibitor profile and lacks one of the catalytic aspartic acid residues; it may represent a novel class of protease.
We present several lines of evidence that our native HAP preparations are not contaminated by other PMs. First, HAP purified by using conventional HPLC chromatography or either of two monoclonal immunoaffinity protocols yielded enzyme with identical properties. The purified protein reacted only with antibodies to HAP and not with antibodies recognizing the closely related PM I, II, or IV. HAP is less efficient than PM I or II at cleaving the peptide substrate ␣33-34 as well as native hemoglobin. HAP also has a pH optimum near 6 and is inhibited by PMSF. In contrast, recombinant PM I, II, and IV have more acidic pH optima and are completely insensitive to PMSF (data not shown). Finally, HAP activity migrated as a monomer in gel filtration chromatography, ruling out the possibility that HAP is forming heterodimers with other PMs under these conditions. The catalytic mechanism of HAP remains unclear. Pepstatin A binds competitively in the active site of aspartic proteases and makes hydrogen bonds with the two catalytic aspartates. HAP apparently has high affinity for pepstatin A, with a K i similar to those of other PMs. We therefore propose that HAP may work through an aspartic protease-like mechanism, with a putative catalytic dyad comprising histidine and aspartic acid. In classical aspartic proteases, one aspartate residue acts as a general acid, whereas the other is in the ionized form and acts as a general base to extract a proton from a water molecule (33) . This activated water molecule is the nucleophile that attacks the scissile bond. In HAP, at its pH optimum near 6, the active-site histidine may function in the protonated state and act as a general acid, if its pKa remains near 6 -7, the pKa range of free histidine. Alternatively, the pKa of the histidine may be lower in the microenvironment of the active site, causing the histidine to be unprotonated and a general base near pH 6. A precedent exists for a single aspartic acid being sufficient for catalysis. The nodavirus coat protein is an aspartic protease that may have an aspartic acid and an asparagine in its catalytic dyad (34) . With a single active-site aspartic acid, dimerization is a possible mode of bringing two aspartic acids together, as in retroviral proteases. Dimerization is unlikely in HAP, because the purified active protein migrated as a monomer in gel filtration chromatography.
It is also unclear why HAP is sensitive to PMSF, unlike other aspartic proteases. HAP is different from the PMs and most other aspartic proteases in that it has a serine (S75) in place of a conserved tyrosine protruding into the active site. PMSF, a compound that usually binds to the active-site serine of serine proteases, might react with S75 or bind noncovalently in the catalytic pocket. Other serine protease inhibitors (DCI, leupeptin, 7-amino-1-chloro-3-tosylamido-3-heptanone, L-1-tosylamido-2-phenylethylchloromethyl ketone) did not inhibit HAP.
Similar active-site changes have been observed in some pregnancy-associated glycoproteins of ungulate mammals. Pregnancy-associated glycoproteins are aspartic protease homologs; those with active-site substitutions are presumed to be inactive but are still capable of binding peptides and the inhibitor pepstatin A (35) (36) (37) . The function of pregnancy-associated glycoproteins remains unknown. They are abundantly secreted by the placenta, may account for the principal transcripts in mature placenta, and may number more than 100 genes in cattle and sheep (38) .
Despite its unusual active-site amino acids, HAP seems to be a reasonably active enzyme. It is Ϸ20-fold less efficient than PM I, II, and IV at cleaving ␣33-34 (23) , not an optimized substrate for HAP, because the peptide is based on the initial PM I cleavage site in native hemoglobin, whereas HAP prefers to cleave denatured globin at unknown sites. Indeed, HAP is an order of magnitude faster at cleaving globin than the other PMs. Comparable amounts of globin were cleaved by 2 nM HAP and 50 nM PM II or IV (data not shown). Also, 50 nM HAP cleaved as much globin in 2 h as did 50 nM PM II or IV in 12 h (Fig. 4B) . The fact that both HAP and PM IV prefer to cleave globin over native hemoglobin, and are first expressed slightly later in parasite maturation than PM I and II, suggests that HAP and PM IV act later in the hemoglobin degradation pathway, further indicating the ordered nature of hemoglobin degradation within the FV. A combination of HAP and PM II, or PM IV and PM II cleaved hemoglobin much faster than each enzyme alone. It is likely that PM I, PM II, HAP, and PM IV have different substrate specificities and act upon diverse sites in globin; this synergism may facilitate efficient degradation of the molecule.
The identification of two additional proteases that participate in hemoglobin degradation within the FV highlights the complexity of this vital biochemical pathway. It is of great therapeutic interest to understand these proteases on a molecular level. The unique properties of HAP make it an especially attractive protein to target for antimalarial drug development.
